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Compression lesions
Experimental models based on the mechanical compression of the sciatic nerve have been widely used in experimental research in order to investigate the changes occurring to the nerve, proximal and distal to the lesion, as well as to the other central (e.g. neuronal cell bodies) and distal (e.g. muscles) anatomical structures. Sciatic nerve compression can be obtained by either ligation or crush of the epineurium. While ligation, that can be transiently applied and is used of the study of neuropathic pain (Challa, 2014) , mainly induces functional changes only and it falls thus outside of the topic of this review, the crush lesion causes permanent anatomical damage and is one of the most used experimental models for the study of nerve repair and regeneration in the pre-clinical perspective (Bridge et al., 1994; Savastano et al., 2014) .
Various methods have been devised for producing the crush injury, including various surgical instruments (Chen et al., 1992; Kingery et al., 1994 , Savastano et al., 2014 and compression devices (Navarro and Kennedy, 1989; Radevik and Lundborg, 1997; Oliveira et al., 2001; Srikcioglu et al., 2007) . The compression is applied with the goal of interrupting the continuity of all axons (axonotmesis) without interruption of the connective scaffold of the nerve (especially the epineurium) and thus without losing continuity of the nerve trunk. Therefore, the nerve segments proximal and distal to the lesion site remain connected allowing severed axons to regrowth along an optimal regenerating pathway (the distal Wallerian regeneration environment) and reach original innervation targets ).
In 2001, Beer et al. described a non-serrated clamp aimed at exerting a standardized pressure to the nerve. This device has proven to be reproducible in in different animal species (Beer et al., 2001; Varejao et al., 2004) and its use is spreading among peripheral nerve regeneration researchers.
Independently of the procedure, the crush lesion has the main advantage to do not require microsurgical skills. Yet, inter-individual variability in tissue regeneration as well as in functional recovery is limited. These features make the sciatic nerve crush injury model particularly suitable for -5the study of the biology of peripheral nerve regeneration as well as the treatment strategies to improve it. In fact, its high reproducibility makes easier the identification of the changes occurring not only to the entire tissue but also at the cellular and molecular level (Chen et al., 2008; Tooth et al., 2008; Lou et al., 2012; Long et al., 2013; Wright et al., 2014) . Yet, high reproducibility of the lesion makes this experimental model also particularly suitable for investigating regeneration-related time course changes (De Leon et al., 1991; Gupta and Channual, 2006; Sta et al., 2014) . Finally, changes in the outcome of nerve regeneration after a crush injury of the sciatic nerve might be used as a pre-clinical end-point predictor of the effectiveness of a therapeutic agent and/or tissue engineering strategy on nerve regeneration (Fleming et al, 2007; Amado et al., 2008; Baptista et al., 2008; Gigo-Benato et al., 2010; Dadon-Nachum et al., 2011; Kilic et al., 2013; Wang et al., 2014) .
Transection lesions
Although the experimental model based on the sciatic nerve crush injury has several advantages in terms of feasibility and reproducibility, its translational potential is limited for two main reasons. First, most surgically relevant nerve lesions in human patients are characterized by at least partial transection/laceration of the nerve. Second, crush lesions in patients have a different clinical history in comparison to experimental crush lesions in laboratory animals, namely spontaneous axon regeneration observed in laboratory animals does not often occur in humans due to frequent extensive fibrosis at the lesion site; thus, in many cases, crush lesions in patients require surgery for removing the damaged tissue and replace it with a conduit (Tos et al., 2012) .
For this reason, the translation to the clinics of an innovative nerve repair and regeneration treatment need in most cases to be validated using an adequate nerve transection experimental model that mimics the relevant human clinical condition as outlined in the following paragraphs.
Chronic denervation
The most severe clinical condition that can be met in a patient is the chronic denervation, i.e. a complete transection of a nerve not followed by reconstruction of the nerve continuity (e.g. because of proximal nerve stump's avulsion or multiple nerve defects with insufficient availability of autograft tissue). This condition usually occurs as a consequence of severe and multiple nerve traumas, e.g. brachial plexus injury, and induces the permanent disconnection between neurons and the respective distal nerve targets with definitive loose of sensory and/or motor function.
Chronic denervation can be reproduced by complete transection of the sciatic nerve not followed by its surgical reconstruction. Since in laboratory animals axonal regeneration is more pronounced than in humans and can occur spontaneously after complete transection even in absence of nerve repair, particular attention should be paid in avoiding this occurrence by turning the proximal nerve stump and suturing it to a neighboring tissue (e.g. a muscle).
Complete transection not followed by surgical repair of the sciatic nerve induces the loose of motor function of posterior muscles of the thigh and of all muscles below the knee. Yet, sciatic nerve transection induces also loose of sensory function of large areas of the hindlimb including most of the foot, a condition that is at the basis of the progressive auto-mutilation observed in the post-operative (see # 7.6).
Therefore, while SNI is not suitable to study the effects of chronic denervation on the sensory function, this experimental model is, by contrast, a very useful approach for the study of denervation of the distal nerve trunk and the skeletal muscles as well as the sought of effective strategies to prevent it (Russo et al., 2007; Saito et al., 2009; Karsidag et al., 2012; Moimas et al., 2013; Blom et al., 2014) .
Since changes in both distal nerve segment and target muscle occur very early, the model can be used to study both early and late events post-denervation. As regards the time course of early postdenervation changes, a 1-month delay is a good option for both nerve and muscle. In both organs, in fact, degeneration is very active in the first post-injury days and at 1-month atrhophy has already well established. Afterwards, the progress of degeneration is much slower and it is difficult to determine timepoint for long term denervation. Most authors adopt a delay ranging from 3 to 6 months after injury.
Direct suture repair (end-to-end neurorrhaphy)
In many cases, however, nerve transection in humans can be treated surgically and, if no substance loss occurs, the direct suturing of the two nerve stumps restores nerve continuity and allows axonal regeneration along the distal target towards the original motor and sensory targets ). Although it is already a widely established surgical technique, the SNI model can still be a useful tool for investigating end-to-end neurorrhaphy in a pre-clinical view with several main scopes, such as exploring alternative methods for connecting the nerve stumps, especially glues (Felix et al., 2013) and identifying effective strategies for reducing post-surgical scar-tissue formation at the suture site (Que et al., 2013) .
Nerve graft reconstruction of sciatic nerve defects
The loose of substance after a nerve trauma requires that the direct suturing for reconnecting the two stumps is made under tension, a condition which might limit regeneration and functional recovery (Battiston et al., 2009; Siemionow and Brzezicki, 2009 ). Therefore, today nerve defects are treated by the interposition of an autograft, a technique that has been introduced in in the 70 th (Berger and Millesi, 1979) . Autograft repair of the sciatic nerve is still today widely used in pre-clinical research since it represents the benchmark condition toward which alternative types of nerve guides are tested (Siemionow and Brzezicki, 2009; Griffin et al., 2013) . However, it should be clearly pointed out that the technique used for autograft sciatic repair in laboratory animals (i.e. the removal of a nerve segment followed by its immediate re-implant with or without 180° rotation) significantly differs from the autograft technique used in patients (i.e. interfascicular nerve grafting of the damaged nerve using multiple segments of a sensory nerve, usually the sural one), a discrepancy that should be always taken into consideration in the interpretation of the experimental results in a preclinical perspective.
More recently, experiments based on the SNI model have also provided the pre-clinical proof of concept that decellularized allografts can be a good alternative to gold standard autografts (Whitlock et al., 2009 ) providing the pre-clinical basis for the successful introduction of decellularized allografts to the clinics (Brooks et al., 2012) .
Tubulization reconstruction of substance defects
Although autografts still remain the gold standard for nerve defect reconstruction, this technique may cause secondary damage; yet, autograft availability, in terms of length of graft material, may be insufficient in case of massive nerve injuries (Battiston et al., 2009; Siemionow and Brzezicki, 2009 ). Therefore, a number of alternatives, both biological or synthetic, have been assessed in a pre-clinical setting in order to substitute nerve autografts. Un-doubtfully, the search for alternatives to nerve autografts is the field where SNI model has seen most extensively employment.
The SNI model has been used for testing conduits for nerve repair of both of biological and synthetic origin. As regards biological nerve guides, various autologous tissues have proven to be effective in repairing sciatic nerve gaps with performances, in terms of both histological and functional predictors of recovery, that were close to those obtainable with autografts (Chiu et al., 1982; Glasby et al., 1986; Geuna et al., 2000) .
In spite of the effectiveness of some types of biological nerve guides, some of which have been successfully translated to the clinics (Chiu and Strauch, 1990; Pereira et al., 1991; Marcoccio and Vigasio 2010; Tos et al., 2012; Manoli et al., 2014) 
Considerations about selection of the animal species
The SNI model has been used in number different animal species. The rat is by far the most used species (Angius et al., 2012) as shown by more than 13,000 entries obtainable in a PubMed query up to July 2014. When the same query is carried out for the mouse, the second most used animal species, the number of entries drops to about 3,500, while the third most widely used species for SNI model is the rabbit with about 1,500 entries. Whereas the rat clearly represent the species of choice for SCI studies, the use of the latter two animal models of SNI are appropriate when specific research goals are required, namely the mouse for the availability of genetically manipulated animals (Tos e tal., 2008 , Willemen et al., 2010 in Savastano, Ronchi et al., 2010 Eijkelkamp 2010 in Savastano) or the rabbit in case of the study of devices that are too large in comparison to the rat sciatic nerve size, i.e. nerve prostheses longer than 1.5 cm Hsu et al., 2011; Gao et al., 2013) .
Although the rat, mouse and rabbit are the most used species for SNI experimental investigation, several other mammals have also been used to the same end, including the mini-pig (Uranus et al., 2013) , the guinea pig (Rao et al., 2001) the dog (Xue et al., 2012) Finally also non mammalian species has been used for SNI investigation, such as the chick () and the frog (Blanco et al., 1999) . However, these studies should be regarded mainly for evolutionary investigation and not in the pre-clinical perspective due to the much more pronounced regeneration potential of non-mammalian species in comparison to mammals.
Methodological considerations

Surgery
Experimental surgery of to the sciatic nerve is relatively easy due to its large size (the largest nerve in mammals). The sciatic nerve is a mixed nerve (Schmalbruch, 1986) which originates from the lumbo-sacral plexus and ends at the knee level with its terminal division that is usually represented by a trifurcation: the tibial nerve (the biggest one) the common peroneal nerve and the sural nerve (Rupp et al., 2007b) . However, there is a high anatomical variability in the number and site of origin of sciatic nerve terminal branches which should be always taken into consideration, especially in the identification of the lesion site.
A second methodological consideration about surgery is the maximum length of the sciatic nerve defect that, in the rat, should be limited to 1.5 cm. Although the bridging of gaps longer than 1.5 cm have been described in the rat (e.g. Geuna et al., 2000; Dodla and Bellamkonda, 2008) , it is preferable to move to large animal models (e.g. rabbit or sheep) when long nerve prostheses have to be tested in vivo.
Functional assessment
Although the assessment of the functional outcome is the more important evaluation parameter in the pre-clinical perspective, most currently available methods for measuring functional recovery after SNI are characterized by a high degree of variability which, unfortunately, limits data interpretation.
As regards motor function recovery, the far most commonly used test is the calculation of the sciatic functional index (De Medinaceli et al., 1982; Varejao et al., 2001; Baptista et al., 2007) .
Although this method is the very popular in peripheral nerve regeneration research, its validity has been questioned (Varejao et al., 2004) . Therefore, more recently, the availability of high-performing video cameras has allowed the development of more reliable computerized gait analysis system based on the video recording of the animals (Pereira et al., 2006; Bozkurt 2008a,b; Costa et al., 2009 ).
Finally, it has also been suggested that the BBB scale, a method commonly used for the study of spinal cord injury and regeneration (Basso et al., 1995) , can be also a valuable additional method for the assessment of sciatic nerve injury and regeneration too (Dinh et al., 2009 ). This method is based on a 21 point scale based on the analysis of specific components of functional behavior, such as the limb movement, paw placement/position and stepping. A score of 0 is given if there was no spontaneous hindlimb movement, a score of 21 indicates normal locomotion.
As regards sensory function recovery, several tests have been proposed. Among these, the withdrawal reflex latency test (using a hotplate) to assess nociceptive function (Masters et al. 1993) . and the Von Frey test (Cobianchi et al., 2014) .
Electrophysiological assessment
The electrophysiological assessment of the nerve recovery is the predictor of nerve regeneration which is closer to the direct assessment of the motor or sensory function. Therefore, the complexity and sometimes even the impossibility of a direct functional assessment in laboratory animals makes electrophysiology a precious tool in peripheral nerve regeneration research (Rupp et al., 2007a; Navarro and Udina, 2009) . Being a mixed nerve, the electrophysiological assessment of the sciatic nerve can be carried out both for the efferent and afferent component.
Since recovery of motor function is the most relevant postoperative achievement that is sought in the pre-clinical perspective, the most used electrophysiological method is the recording of evoked compound muscle action potentials (CMAPs) after electrical stimulation proximal and distal to the lesion site (Navarro and Udina, 2009; Nijhuis et al., 2013) . As regards the sensory component, the most used method for the electrophysiological assessment is the recording of the somato-sensory evoked potentials (SSEPs) (Navarro and Udina, 2009; Chow et al., 2012) although their employment in laboratory animals has been debated (Navarro and Udina, 2009 ). Finally, also electromyography (EMG) has proven to be useful for the evaluation of muscle re-innervation after sciatic nerve repair (Gransbergen et al., 2000) .
In vivo imaging
Recent advances in in vivo imaging techniques of tissues and organs have more and more expanded their use to small animals species. As regards SNI investigation, two methods are receiving growing interest for monitoring in vivo the nerve regeneration process: ultrasonography and magnetic resonance.
Ultrasound imaging has the advantage that can be obtained using relatively cheap instruments that, today, have reach a resolution level that allow to visualize very small soft structures such as peripheral nerves in laboratory animals (Kuffler, 2010) . In expert hands, this technique can thus be used also in rat sciatic nerve to monitor the progression of nerve tissue regeneration, e.g. along a nerve prosthesis (Chen et al., 2014) .
Magnetic resonance requires much more expensive devices that should adapted to the size animal species under investigation (Behr et al., 2009) . However, if a dedicated facility is available, magnetic resonance imaging holds great expectations for in vivo SNI investigation in experimental models (Liao et al., 2012; Yamasaki et al., 2015) .
Histology and histomorphometry
Histological examination of the nerve segment is one of the pillars of nerve repair and regeneration research and an essential complement to the functional and electrophysiological investigation techniques. Histology can give information not only on the presence of regenerated axons, but also the occurrence of inflammatory processes and fibrosis, both inside the nerve and outside it (perineurial adhesions) and of neuroma formation. Yet, if biomaterials are used to bridge nerve defects, histology can give important information also about degradation of the materials and the presence of foreign body reaction and granuloma. Many tissue processing and staining techniques are available and it is far beyond the goals of this paper to revise that body of literatue (see Raimondo et al., 2009; Carriel et al., 2014) . Anyway, histology is adopted by the large majority of authors with the goal of quantifying the number and size of regenerated nerve fibers and myelin sheath thickness.
To reach this goal, whereas several histochemical and immunohistochemical methods have proven to be useful (Di Scipio et al., 2008; Sinis et al., 2009; Carriel et al., 2014) , the far most used method is toluidine blue staining on semithin sections from osmium post-fixed and resin-embedded blocks ). This method allows high resolution imaging of myelinated nerve fibers. It should be noted however, that the histological appearance of the sciatic nerve is very variable not only along it course (it is usually single fascicled at its origin, while it is divided in a variable number of fascicles along its distal part) but also at the same level when different animals are compared. This occurrence makes the morphological analysis of sciatic nerve regeneration particularly tricky especially when quantitative data about myelinated nerve fiber number and size are sought. For this reason, a rigorous randomization protocol should be adopted to avoid severe bias in the histomorphometrical data obtained. In addition, the irregular size and shape of nerve fibers makes it necessary the use of unbiased counting and measuring methods such as the unbiased counting frame and the 2D-disector methods (Larsen 1998; Kaplan et al., 2010) .
Finally, it should be noted that even if high resolution light microscopy observation is adopted, myelinated nerve fibers with a diameter smaller than 2um might not be detectable resulting in a significant underestimation of the their total number especially in regenerated nerves (Ronchi et al., 2014) .
Molecular biology
Also molecular biology techniques, especially PCR for RNA analysis and Western-blotting for protein analysis, can be used to study sciatic nerve regeneration. However, it should be noted that the nerve comprises many different cell types and thus protein and RNA data are often hard to be -15interpreted. In addition, PCR analysis fails to reveal neuronal RNA that is mostly localized in the cell bodies.
Ethical issues: animal wellbeing
SNI induces significant limitations in the movements of the affected limb accompanied by loss diffuse of sensation, especially in the foot. Motor function loss, besides walking impairment, often induces muscle contractions (Dellon and Mackinnon 1989) . On the other hand, the main drawback of sensory function loss is the progressive autotomy of variable degree, from simple nail lost to extensive mutilation of the entire foot (Krsljak and Stajcic, 2004) .
If the experimental paradigm leads to fast nerve regeneration, e.g. the crush injury model, functional impairment is transitory with reduced discomfort to the animal. On the other hand, in an ethical view point, the impact of the functional impairment induced by SNI on animal wellbeing should be taken into serious consideration in case of experimental conditions that induce long term functional impairment, e.g. chronic denervation and/or complex reconstruction treatments which require a long-term regeneration process.
Discussion
The investigation of nerve repair and regeneration has a long history and still today represents, un-doubtfully, the most addressed issue in the study of the peripheral nervous system.
The growing ethical concerns regarding the use of animals in biomedical research and the progressive spread among the scientific community of the ''Three Rs'' concept (replacement, reduction, and refinement of animal studies) (Russell and Burch, 1992) pushes for an increase in the replacement of in vivo models with in vitro pre-clinical models which might mimic nerve regeneration processes avoiding the use of animals for testing new repair and regeneration strategies ). However, although many immortalized and primary neuronal and glial cell lines (Moreno-Flores et al., 2006 , Hara et al., 2008 Sak and Illes, 2005; Shastry et al., 2001; Trotter, 1993 , De Paola et al., 2007 , Scanlin et al., 2008 have been proposed for replacing in vivo pre-clinical models, their potential is still limited and, yet, their real capability of predicting nerve regeneration is questionable (Cirillo et al., 2014) . The potential of the in vitro investigation of nerve regeneration may be higher if the culturing conditions mimic the 3D organization of the nerve. This can be obtained either by 3D co-cultures where the spatial organization of neuronal and glial cells is reproduced (Bozkurt et al., 2007; Fornaro et al., 2008 , Gingras et al., 2008 Vyas et al., 2010; Siddique et al., 2014) . However, 3D cell cultures have a high technical complexity which limits their use and, yet, their reliability as providers of pre-clinical endpoints in the translational perspective is not widely acknowledged and thus the use of in vivo pre-clinical models of nerve regeneration is still necessary.
As already outlined in this paper, the large majority of the in vivo animal studies have been carried out by inducing a lesion of the sciatic nerve. However, recently, experimental models based on the use of other nerves have been proposed, especially the median nerve because of the availability of a simple and reliable behavioral test, the grasping test (Lutz et al., 2000; Bontioti et al., 2003; Papalia et al., 2003; Galtrey and Fawcett, 2007; Sinis et al., 2006; Wang et al., 2008) . In fact, after the lesion of the median nerve animal welfare is preserved (Papalia et al., 2003) and the results are more likely to be translated to the clinical practice (the main goal of pre-clinical studies) since the large majority of surgeries of human nerves are performed in the upper limb. In addition, the grasping function requires a fine and skilled movement of the fingers that is quite similar between the mostly used laboratory animals (mice and rats) and humans (Whishaw et al., 1992) . Finally, the median nerve is usually single fascicled in contrast to the multiple fascicles of the sciatic nerve, a histological feature which makes quantitative morphological analysis easier. However, a main limitation of the rat and mouse median nerve, in comparison to the sciatic nerve, is the small size which requires availability of high microsurgical skills for the epineurial suturing.
In conclusion, although alternatives are available, the sciatic nerve injury model still represent a widely used method for pre-clinical research on nerve repair and regeneration. Whereas a consensus appears to be needed in order to clearly define the adequate ambits of SNI model's employment and the minimal reporting standards when this model is used in a pre-clinical perspective, I wish to emphasize that, according to our present knowledge, it appears that there is no single experimental model of nerve injury and regeneration which is inherently superior to the others. Therefore, my suggestion is that researchers select the pre-clinical model which best fits their needs after a careful assessment of their specific requirements and expertise, knowing each model's advantages and limitations, and interpreting the results within those limitations, instead of hewing to a rigid point of view about which model is the best. In this view, the information provided in this review can be of help for researchers in properly employing this in vivo experimental model for the study of nerve repair and regeneration. Yet, this is aimed to help researchers in selecting the investigation methods which best fits with their study's goals as well as in adequately interpreting the results in a clinical translation perspective.
